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The abjective of this effort is to develop a new thin film resistance strain
gage system which will be suitable for use inside gas turbine engines on blades or
vanes at temperatures up to 1250 K. These gages are to be capable of making strain
measurements to +2000 microstrain with total errors of no more than +10 percent
during a 50 hour period. In addition to survival and stability in this hostile environ-
ment, attaining a low temperature coefficient of resistance, of the order of 20 ppm/K
or less, is an important goal. This requirement arises from the presently unavoidable
uncertainties in the measurement of exact temperatures inside gas turbine engines for
use in making corrections for apparent strain.

SENSOR PROPERTIES

The most desirable material to select as a strain sensitive resistor would be a
pure, precious metal which would have a high melting point and be inert to oxidation
attack. Unfortunately, the resistances of pure metals all have high thermal sensitivi-
ties to temperature which is unacceptable in this application. Unacceptably large
uncertainties in strain (errors) result when high coefficients of resistance are
combined with the typical uncertainties in measurements of the temperature of gas
turbine parts. This consideration is further complicated when the sensor must be used
on a structure containing a high thermal gradient.

Alloying with other precious metals to form solid solutions can be used to
introduce electron scattering centers whose concentrations and resistance effects are
essentially independent of temperature. Unfortunately, the choices available do not
result in alloys whose resistivities have sufficiently low thermal sensitivities to be

*Work done under NASA Contract NAS3-23722
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useful. The optimum sensor composition developed in this and previous programs
(refs. 1-4) is an alloy of Pd containing 13 weight percent Cr. This alloy is particu-
larly desirable because, not only does the Cr act as effective scattering agent to
increase the resistance and lower the thermal sensitivity of resistance of the alloy,
but the Cr diffuses to the surface to form a coating of Cr20s3 which resists further
oxidation of the Cr. Figure 1 shows the resistance versus temperature behavior of
this alloy. The fact that the resistance is linear with temperature indicates that the
Cr remains in complete solid solution over the full temperature range of interest and
that no ordering effects occur.

Unfortunately, when this alloy is prepared as a sputtered film only 6.5
micrometers thick, the amount of Cr in the film is not sufficient to form a
protective coating without almost completely depleting the remaining alloy of
Cr. Figure 2 shows how the resistance of different thicknesses of the PdCr alloy
changes with time when exposed to oxidation at 1250 K.

PROTECTIVE OVERCOATS

Efforts are currently underway to develop protective overcoat/top seal
coatings to overcome this oxidation problem. Alumina has been selected as the
primary overcoat material because of the general recognition that it forms the most
oxidation resistant coatings for use on nickel-base superalloys. Unfortunately,
sputtered films of alumina do not remain completely dense and inert upon firing to
elevated temperature for various reasons: (a) the transformation from gamma to alpha
or from amorphous to crystalline, (b) evolution of argon entrapped in the structure
during sputtering, (c) oxidation to restore stoichiometry, and (d) accommodation of
the strains caused by the differences in thermal expansion between the alumina and
the superalloy substrate, which are typically of the order 7 x 10"%/K. Table 1
presents a listing of the various top seal coats which are being evaluated in attempts
to make the alumina impervious to oxygen.

Preliminary experiments are also underway to evaluate the potential
advantages of sputtering the alumina films on a heated substrate. Because these
films will be formed at a high temperature they should have a high stress free
temperature and experience only moderate tensile stresses when heated to the highest
temperature of use.

INSULATION COATINGS

Decreases in the measured resistances of strain gage circuits can also occur
because of electrical leakages through the alumina insulation coating on the
Hastelloy-X substrate. These create additional parallel paths for current to flow
through the metal substrate. Figure 3 shows an example where shorting has
developed at high temperatures which gradually became worse with time. Measure-
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ments of the resistance between the gage and the substrate can be used to confirm
the cause of this behavior.

Our investigations of this problem have focused on the importance of surface
defects originally present on the highly polished metal surface and debris present on
these surfaces during sputtering. These defects can result in abnormal growths in the
sputtered films which tend to become detached during subsequent thermal cycling to
form very fine pinholes. We have carried out careful examinations of all of our
sputtered surface to ensure that these sources are removed, and we feel that our
further results will confirm that most of this problem can be avoided by the use of
these careful procedures.

TEMPERATURE COMPENSATION AND LEAD WIRE CONSIDERATIONS

Temperature Compensation Design

An analysis of temperature effects on static strain gage accuracy carried out
by NASA and UTC during Task 1 and 2 of the program concluded that active
temperature compensation would be needed in addition to corrections for residual
apparent strain due to temperature. Active resistive temperature compensation can
be accomplished by installing an additional temperature sensitive (relatively strain
insensitive) element at the point of measurement, and combining the output signal
from this element with the output signal from the strain gage element, as shown in
Figure 4. Good thermal compensation can be expected over only a moderate
temperature range bzcause the thermal sensitivities of the gage and the compensating
element typically vary differently with temperature. Note that the use of an
adjustable resistor across the compensating arm of the bridge (the dashed lines in
Figure 4) as a means of further adjusting the compensation, is not advisable because
this shunt would also be across two of the three lead wire resistances, and therefore
would defeat the lead wire cancellation provided by the 3-wire hookup.

L.ead Resistance Effects

Once the strain gage bridge adjustments in Figure 4 have been set for initial
balance, including the temperature compensation adjustments, subsequent changes in
temperature distribution in the lead wires and lead films can produce apparent strain
due to temperature at the bridge output in two ways: (a) common mode changes in
all lead resistances, and (b) differential changes due to transverse temperature
gradients. In order to reduce the common-mode error to an acceptabie level, the
temperature compensation element in the bridge of Figure 4 must have a resistance
and temperature coefficient of resistance that produce the same total level of change
in resistance with temperature as the strain element, within about 5%. Only if this is
true can the bridge ratio be set close to 1:1 as required to minimize this type of
error. The effects of temperature gradients can be minimized by routing the two
critical leads as close together as possible.
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Lead Wire Thermocouple Effects

For a gage factor of 2 and for a bridge voltage E; of 5 volts, the
thermocouple effect in any arm of the bridge is about 1 microstrain for every 5
microvolts of stray thermocouple emf. The thermocouple emf generated in each lead
wire, lead film, strain element, or compensating element is proportional to the
temperature difference between the two ends of the element. Factors of proportion-
ality (thermocouple emf per Kelvin, relative to platinum measuring leads) are listed in
Table II for several candidate metals and alloys. These factors range from -15 uv/K
to +32 uv/k so that careful attention must be used in choosing materials and layout.

Thermocouple effects can be reduced if the bridge voltage E: is increased, but
E, must not be made so large that significant self-heating of the strain element
occurs. Thermocouple effects may also be reduced by employing pulsed DC
excitation to raise E; by an order of magnituide without producing self-heating.
Capacitively and inductively coupled transient noise voltages are potential problems
when pulsed excitation is employed. In principle, residual thermocouple effects on
static strain measurements can also be completely suppressed by turning off the
bridge excitation before each strain measurement and readjusting a bucking voltage to
rebalance the bridge.

SUMMARY AND CONCLUSIONS

The Pd-13 Cr (weight percent) alloy developed in this program appears to meet
the program goals of stability and reproducibility for use as a static strain gage up to
1250 K when prepared in bulk form. When prepared as a 6.5 micrometer thick
sputtered strain gage, however, the naturally occurring protective coating of Cr203 is
inadequate to prevent oxidation attack and a protective overcoat/seal coat system is
required. An evaluation of these systems is currently underway as well as an
examination of the use of sputtering at elevated temperature to reduce the problems
caused by the differences in thermal expansion between the substrate and sputtered
alumina layers.

The important factors and problems involved in the selection and use of lead
wires with static strain gages have been reviewed. It is believed that problems with
electrical leakage between the strain gage and the substrate can be overcome
primarily by the use of extreme care in surface preparation before sputtering to
eliminate surface defects which can cause defects to occur in the sputtered
layers. This is also still being evaluated.
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TABLE I. STRAIN GAGE OVERCOAT SYSTEMS
Sensor Sputtered Transfer tape

Type PdCr Al,O5 FeCrAl Pt Glass Al Glass

1 X X

2 X X X

3 X X X

4 X X X

5 X X X

6 X X X

47



98-L1-01 UoqQgul 3sed ID¢|-Pd YSVYN=

6° 9.0LX%G"y 8 A6£22 9L+ ud wnipoyy
0°0¢ 0s0000°| 0°2 9. 0LXGLD" | 4. 0L% 061 oocLooo* 120¢-IN J00¢-IN
0wl 09L000°| 02 9.0LX220° | 4. 0LX OL 0z<000° MooLt (A% 100L-IN  |d [swotyy
912 0s0000°| 02 9. OLXLL0" | 4.0LXx 80l goL000° 7l ACLIL €Z+ 100Z-IN | 8WoJYIN
e 0$6100°| 0°2 0 01%XL00° | 4. 0LXL"L 006£00° 9l HIsEL 8L+ nJ Jaddo)
0°9 0oLo00°| 0% 9 0LXZH0" | 4 0lX 0 00%100° A0zsl SL+ INOL-1d INOL-1d
9°¢ 048000°| 0°2 9 .0LXLE0° | 4 0LX 8l ooLioo* A00Le oL+ ydoL-id UyyoL-id
00z ©60000°| 8°L 9 .0L%XL1L0" | 4.0OLX 00! oLio00° *6L+ 10¢1-Pd 10¢1L-Pd
9 0LXLLO" | 4_0LXL°Z ooovoo® % Agg6 6+ Iv | wnulwniy
gn* 0oLL00"| 0%¢ 9.01%X800° [ 4_0LXH"Z oov<0o’ nl AICCL 8+ ny p100
Y/ 629000°| 8'% 9. 0LXZC0" | 4_0L%9°0L ocogoo’ oL A9%02 0 id wnuneld
1S1-UNg
8°s 0$6000°| 0°2 9 0LXGS0" | 4 OLX 62 006100° ALLIL 6 - -IvZ-IN fauny
0°2Z oonZoo*| 0°¢ o OLX8R0" | 4 0LX 0L 008%00° £l A8091 ZL- IN [19IN
YAYA 9L5000°] 9°9 9. 0LXLH0" | o_0LX8°0L 008£00° zl ALzsl SL- Pd | wnipejed
(d278W/swyo) ({_ M) (y A -wo-wyo)  |(Wwa-wyo) G () ) (/AT
J(401%2") o0L X
My /0 9 do d 0
alipy | oney | 4ojoed 19npold A1iAn 30UB}SISaY M 0621 jutod M 0SZL SIVERRER] GEEREY
wo ¢z* jo aben -sisay 40 *§30) 01 M €L Buriten 01 M €12 3ybram
1319w | Joy *dwa| *dx3 wnuneld . uolyis
3ouelsisay ‘ut) ol -odwo)
aJiM pean *4}80D aaneay
‘dwa) dW3 D1
SAOTIV ANV STIVLI3W Q31337135 40 S311Y3d0Yd ALVAIXOHddVY °II 3718V1

48




16

14 =

A2

0.08

AR/R

0.06 -

0.04 |-

0.02 }—

0 ] | 1 1 1 | 1 1 1

200 300 400 500 600 700 800 900 1000 1100 1200 1300
TEMPERATURE DEG K

Figure 1. Resistance vs Temperature at 50 deg K/min (Pd-13 Wt % Cr)
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Figure 2. Effect of Film Thickness on Drift in Resistance of Pd-13 wt % Cr
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